The inhibition of methane production by Methanosaeta concilii GP6, Methanospirillum hungatei GP1, Methanobacterium espanolae GP9, and Methanobacterium bryantii M.o.H. during short-term (6-h) exposure to eight benzene ring compounds was studied. The concentration that caused 50% inhibition of the methane production rate (IC50) was dependent on the species and the toxicant. Pentachlorophenol was the most toxic of the tested compounds, with an IC50 of less than 8 mg/liter for all species except M. hungatei. Abietic acid was the next most toxic compound for all the species, with an IC50 in the range of 21.4 to 203 mg/liter. Sodium benzoate was generally the least toxic, with an IC50 in the range of 1,225 to 32,400 mg/liter. 3-Chlorobenzoate was substantially more toxic (IC50, 450 to 1,460 mg/liter) than benzoate. The inhibition by benzene, phenol, vanillic acid, and toluene was intermediate to that of pentachlorophenol and benzoate. Long-term incubation (days) studies to determine effect on growth indicated that all eight compounds were usually much more toxic than predicted from the short-term data. In these latter studies, there was generally a good correlation in the observed inhibition as determined from growth and methane production.
The amount and variety of aromatic hydrocarbons and their derivatives used in industrial and commercial activities has been increasing over the years (38, 44) . The release of these compounds into the environment is of great concern because of their recalcitrance and their potential health hazard to animal and plant life (6, 13, 44) . There is an increased interest in the application of anaerobic digestion processes for detoxification or degradation of haloaromatic compounds owing to the mounting evidence regarding the ability of anaerobic biosystems to degrade such compounds (3, 17, 37) . The advantages of anaerobic degradation include avoiding auto-oxidation as can occur aerobically, recovery of methane as energy credit, and less accumulation of microbial biomass (23, 32) .
The methanogenic degradation of aromatic compounds must depend on consortia of different anaerobes (44) because of the limited substrates (hydrogen plus carbon dioxide, formate, acetate, methanol, and methylamines) utilized by methanogenic bacteria (20) . Methanogens are crucial for the anaerobic degradation of haloaromatic compounds because they utilize the intermediary metabolic products H2 and acetic acid which otherwise accumulate and inhibit the overall degradation process (9, 10, 12, 21, 37) . Moreover, dechlorination of chlorobenzoates was found to occur only under methanogenic conditions (31) . Therefore, there has been a considerable interest in studying the toxicity of haloaromatic compounds to anaerobic digestion processes (1, 3, 8, 14, 22, 39, 42) . However, such studies have looked at methane production in mixed or acetic acid-enriched cultures and therefore do not provide information as to where in the consortia the toxic effect is manifested. Are the primary degrading microorganisms inhibited, resulting in less substrate availability for the methanogens, or are only the methanogens affected? There is little (5, 32) pure cultures of methanogens. Such information would be useful for understanding the nature of toxic effects and for developing strategies for alleviating toxicity in anaerobic digesters treating haloaromatic compounds. The purpose of this investigation was to determine the inhibition of growth and methane production in representative pure cultures of methanogenic bacteria exposed to certain benzene ring compounds encountered in industrial wastes.
Methanosaeta concilii ("Methanothrix concilii"), a mesophilic, aceticlastic methanogen (24, 27) , was included in this study because bacteria similar in morphology have been observed in methanogenic enrichment cultures and in digesters degrading homo-and heterocyclic aromatic compounds (2, 11, 34, 40) . Methanospirillum hungatei, a hydrogenotroph unable to use acetate as the sole source of carbon and energy (26) , is a sheathed methanogen like M. concilii (4, 29) and has been used as a hydrogen scavenger in mixed cultures degrading benzoate (35) . Methanobacterium espanolae was included in the current study because it is a moderately acidiphilic methanogen isolated from pulp mill waste treatment systems (28) . Methanobacterium bryantii grows optimally at neutral pH and was chosen for comparision with M. espanolae because they have many similar characteristics (28 (41) at 1-h intervals after repressurizing the headspace gas. The pH of the medium was measured at the conclusion of the experiment.
For short-term studies with M. concilii, a working culture (300 ml-in a 1-liter flask) was grown to an A660 of 0.2 to 0.3 (stationary incubation at 35°C). During this incubation (about 18 days), the growth pH was maintain'ed at 7.2 ± 0.2 by using 6 N acetic acid. This also replenished the growth substrate, acetic acid. Aliquots were transferred to 60-ml serum vials (100% N2 gas) containing the test compounds as for the other methanogens. The methane in the headspace gas was monitored during the 6-h incubation as described above for the other cultures. There was no need to adjust the pH during the short incubation period or to provide more acetic acid substrate.
The methane production rate of each culture at each concentration of the recalcitrant compound was determined between 1 and 6 h of incubation, including controls containing no challenge compound. The methane production rate (in the presence of the toxicant) as a percentage of that of the control, for the methanogen, was plotted against the concentration of the toxicant. The intercept for the concentration giving a 50% methane rate in this graph was the IC50, i.e., the amount of the challenge compound which would cause 50% inhibition compared with the control. In these short-term experiments, the concentration of the toxic compound was varied so that there was at least one point of inhibition on either side of the 50% inhibition.
Long-term studies. The inhibition of growth of these methanogens by the recalcitrant compounds was studied on the basis of inhibition of methanogenesis observed in the shortterm studies. The growth media were the same as those used for maintaining the working cultures and used in the shortterm studies. The inocula for M. hungatei, M. espanolae, and M. bryantii were grown as for cells prepared for the short-term studies, except that the cultures were incubated to an A660 of 0.8 to 1.0. The test flasks with the appropriate medium (50 ml of medium in 500-ml flasks) were inoculated at S to 10% (vol/vol) so that the initial A660 was 0.05 to 0.06. The flasks were incubated at 35°C in a shaker (G-25; New Brunswick Scientific Co., Edison, N.J.) at 100 rpm. When the cultures had grown to an A660 of 0.1 to 0.2 (16 to 18 h), they were repressurized to 10 lb/in2 with H2-CO2, the methane in the headspace gas was analyzed, and the cultures were challenged with the test compound by adding stock solutions stored under N2. This was the zero time for the long-term growth toxicity assay. The cultures were repressurized twice a day for the duration of the experiment. The entire headspace gas was flushed out at 24 and 48 h of incubation of the assay to provide adequate substrate. Methane production was monitored at 24-h intervals. Growth was monitored by measuring the A660 in 1-ml aliquots aseptically and anaerobically withdrawn at 24-h intervals (PerkinElmer-Colman 575 spectrophotometer; 1-cm cuvette). An A660 of 1.0 is equivalent to 0.359, 0.397, 0.565, and 0.370 mg of cell dry weight per ml for cultures of M. hungatei, M. espanolae, M. bryantii, and M. concilii, respectively. At the end of the experiment (72 h after toxicant was added), the pH was measured.
For M. concilii long-term studies, PA medium (50 ml in 250-ml flasks, pH 7.2 ± 0.2, N2 gas phase) was supplemented with the challenge toxicant and was inoculated (10%, vol/ vol) with a 21-day-old working culture. The initial A660 was 0.01 to 0.02. The flasks were incubated at 35°C without shaking. At 1 day and at every 4 to 7 days of incubation thereafter, the A660 was monitored. The excess headspace in the flasks and methane were also measured at these times.-
The pH of the medium was readjusted to the initial value, when required, by adding sterile 6 N acetic acid stored under N2. This pH was adjusted by using a pH paper and a drop of the medium withdrawn from the flask with a syringe. A more accurate pH measurement was done with a pH meter at the conclusion of the experiment (21 days). The long-term study with M. concilii was done this way because in the absence of continuous monitoring of pH and a titrant pump, it is not possible to keep the culture adequately fed with acetic acid once the A660 has reached 0.2 or greater.
The inhibition of methanogenesis in the growth studies was based on the total cumulative methane produced compared with that in control cultures. The inhibition of growth was determined on the basis of maximum growth and, in some cases, the maximum growth rate also compared with the control cultures.
All experiments were done in duplicate and were repeated more than once.
Stock solutions. Stock solutions of toluene (Fisher Scientific Co.), benzene (BDH Chemicals), 3-chlorobenzoate (3-CB) and vanillic acid (Aldrich Chemicals), phenol (Anachemia), and abietic acid (85% purity; Sigma Chemical Co.) were prepared in 95% ethanol. Stock solutions of sodium benzoate (99% pure; Aldrich Chemicals) were prepared in deionized distilled water. Pentachlorophenol (PCP) (Sigma Chemical Co.) stock solutions were prepared in 0.01 N NaOH adjusted to pH 7.5. All stock solutions were stored in the dark under 100% N2 atmosphere in serum vials.
RESULTS
The toxicity during short-term exposure of methanogens to benzene ring compounds was determined from methane production rates. The rates at different concentrations, as a percentage of that in unchallenged control cultures, were plotted against the concentrations, as shown for M. espanolae challenged with abietic acid (Fig. 1) . The concentration that would result in a methane production rate of 50% from such a graph was termed the IC50. For all the methanogens, methane production between 1 and 6 h of incubation was linear at the various levels of the toxicants tested. The maximum methane production rates for control cultures of M. concilii GP6, M. hungatei GP1, M. bryantii M.o.H., and M. espanolae GP9 were 2.06 (+ 0.5), 22.2 (+ 4.9), 12.1 (± 1.3), and 34.6 (+ 4.2) ,umol of methane per h per mg of cell dry weight, respectively. No cell lysis was observed by phase-contrast microscopy in the short-term studies. The IC50 values from the short-term studies are presented in Table 1 .
For all the methanogens except M. hungatei, PCP was the most toxic compound, then abietic acid ( To determine whether the short-term study IC50 values could be used to predict the inhibition of the growth of methanogens, we challenged early-logarithmic-phase cultures at the IC50 of the compounds. In most experiments, the inhibition of growth and methanogenesis was more severe than that predicted from the short-term IC50 values. Therefore, in many instances, growth in these longer-term (i.e., growth) studies had to be evaluated with concentrations equivalent to one-half the short-term IC50 values.
Growth and methane production were monitored as shown for M. hungatei GP1 challenged with phenol at one-half the short-term IC50 (Fig. 2) . The 0 day in the graph was the time when the culture in its early logarithmic growth was challenged with the toxicant. The challenged culture had begun to lyse after day 2, as seen from a substantial decline in A660. The compiled data on the inhibition of M. hungatei by the benzene ring compounds are presented in Table 2 . Unlike the short-term studies, the culture exposed to the IC50 or one-half the IC50 lysed without much growth (as seen with toluene and PCP) or in the late logarithmic to early stationary growth phase. It also appears that total growth and methane production were uncoupled in some cases in which the culture grew initially and then lysed, e.g., with sodium benzoate, phenol, vanillic acid, and abietic acid. The inhibition by 3-CB was less than that envisioned from the short-term studies, but the culture still lysed in the stationary growth phase.
The growth of M. concilii GP6 was completely inhibited by short-term IC50s of benzene, phenol, abietic acid, and toluene. Even at concentrations of one-half the IC50, severe inhibition of growth and methane production was observed (Table 3 ). Inhibition by 3-CB was as expected from the short-term studies, whereas that by PCP and vanillic acid was less than that predicted. However, inhibition as determined by growth and methane production were comparable. For reasons outlined earlier, M. concilii cultures were challenged immediately after inoculation rather than in the early logarithmic phase as for the other three methanogens. plete inhibition of growth and methanogenesis by benzene and toluene; about 75% inhibition of growth and methanogenesis over 2 days by phenol and vanillic acid, followed by cell lysis; and about 75 to 85% inhibition by PCP, sodium benzoate, and abietic acid over 3 days but without cell lysis. Inhibition by 3-CB was only 40%. The results of inhibition of M. bryantii by all compounds at one-half the short-term IC50 levels are given in Table 4 . Even at these lower concentrations, the inhibition by benzene and toluene was severe and resulted in cell lysis. The inhibition by phenol and PCP was also more than that predicted from short-term studies, but unlike with the IC50s (data not shown), there was no cell lysis at one-half the IC50s. The inhibition by other compounds was comparable to that extrapolated from the IC50 data obtained from the short-term studies.
For M. espanolae GP9, challenging early-logarithmicgrowth-phase cultures with compounds at the short-term IC50s resulted in complete inhibition of growth and/or cell lysis. The results of exposure to concentrations equal to one-half the IC50 levels are presented in Table 5 . Benzene, PCP, abietic acid, and toluene still caused severe inhibition of growth and, in most cases, cell lysis at one-half the IC50s. For the other compounds, on a percentage basis, inhibition of growth was more severe than that of methane production. This indicates the possible uncoupling of growth and methanogenesis.
DISCUSSION
Other than a few reports (5, 32) , the inhibition of pure cultures of methanogens by benzene ring compounds of relevance in environmental pollution has not been well documented. In the present study, PCP was significantly (26.6 mg/liter) causing 40% inhibition in a study by Roberton and Wolfe (32) . This difference may be related to the stage in the growth phase when the cultures were challenged. PCP has been shown to uncouple growth and methanogenesis in M. barkeri and M. ivanovii (5) . PCP is a known uncoupler of oxidative phosphorylation, and in actively growing cells, it caused a rapid decline in ATP levels and in methane production (32) . The mode of phenol toxicity in methanogens is not known, but it could be due to an alteration in cell permeability as seen with other bacteria (from reference 8).
Abietic acid is one of the resin acids present in wood processing wastes; these acids are highly toxic to fish (22) . In our studies, abietic acid was the second most toxic compound to the methanogens. Also, the amount causing 50% inhibition was much lower than that (43 to 114 mg/liter) in granular sludge (14, 36) . M. espanolae was the most resistant in our work. The comparatively higher tolerance of M. espanolae GP9 in short-term studies could be related to the decreased solubility of resin acids at acidic pH (14) ; the pH of the test medium used was 5.5 for this acidiphilic methanogen. However, it is also possible that having been isolated from a pulp mill waste treatment system (28) , M. espanolae GP9 could have developed greater tolerance to abietic acid. Increased tolerance to toxicants as a result of prior adaptation has been reported to occur in mixed and pure cultures of anaerobes (5, 16) .
Industrial waste streams are generally highly diluted, and the concentration of priority pollutants is relatively low; e.g., kraft bleach waters contain 0.6 to 2 mg of chlorophenolics per liter (33) . However, the concentration of these compounds could be much higher in specific waste streams within a plant, in contaminated soils, and in landfill leachates. For example, the concentrations of 3-CB, benzoate, and phenol in chemical landfill leachate have been shown to be 61, 830, and 981 mg/liter, respectively (43) . Based on our studies, inhibition of methanogens may not be a problem in the anaerobic digestion of dilute wastes, but it could be so when treating more concentrated wastes such as landfill leachates.
The results of this study show that inhibition of methanogenesis in mid-exponential-growth-phase cultures of methanogens during short-term exposure to eight benzene ring compounds was generally less severe than when cells in their early logarithmic phase were challenged during longer-term growth studies. This could be due to the stage in the growth phase when challenged and/or due to differences in the concentration of the toxicant per unit biomass when challenged. The biomass was much higher in the short-term studies than in the longer-term growth experiments at the time the toxicant was added to the cultures. Levels of solids have been shown to affect the adsorption and consequently the toxicity of compounds (19) .
Our conclusion is that although short-term exposure data may help identify compounds potentially inhibitory to methanogens, these data cannot be extrapolated to predict behavior during longer-term exposure. This conclusion agrees with that of Johnson and Young (19) for mixed cultures.
